Abstract. Angiogenesis is critical to tumor growth and is stimulated by tissue hypoxia due to poor oxygen delivery. In turn, cellular hypoxia leads to angiogenesis via the induction of hypoxia-inducible factor-1α (HIF-1α) and vascular endothelial growth factor (VEGF) at a cellular level. Pomegranate juice and extracts, which are rich sources of ellagitannins, have been shown to have chemopreventive potential against prostate cancer, but there have been no studies on the effects of an ellagitannin-rich pomegranate extract on angiogenesis. Human prostate cancer cells (LNCaP) and human umbilical vein endothelial cells (HUVEC) were incubated with a pomegranate extract standardized to ellagitannin content (POMx), under normoxic and hypoxic conditions in vitro. Human prostate cancer cells (LAPC4) were injected subcutaneously into severe combined immunodeficient (SCID) mice and the effects of oral administration of POMx on tumor growth, microvessel density, and HIF-1α and VEGF expression were determined after 4 weeks of treatment. POMx inhibited the proliferation of LNCaP and HUVEC cells significantly under both normoxic and hypoxic conditions. HIF-1α and VEGF protein levels were also reduced by POMx under hypoxic conditions. POMx decreased prostate cancer xenograft size, tumor vessel density, VEGF peptide levels and HIF-1α expression after 4 weeks of treatment in SCID mice. These results demonstrate that an ellagitannin-rich pomegranate extract can inhibit tumor-associated angiogenesis as one of several potential mechanisms for slowing the growth of prostate cancer in chemopreventive applications. Further studies in humans are needed to confirm that angiogenesis can be inhibited by an ellagitannin-rich pomegranate extract administered orally as a dietary supplement.
Introduction
Since the 1990s, evidence has continued to accumulate demonstrating that hypoxia, the insufficient supply of oxygen to tissues to maintain basic biologic function, is a common consequence of the rapid growth of many solid tumors (1) (2) (3) (4) . Hypoxia is a major driving force of tumor progression in more than 70% of human cancers including prostate cancer (PCa). Hypoxia mediates this growth-promoting effect in large part through the process of angiogenesis, which is essential to tumor growth beyond 200 microns in diameter (1) (2) (3) (4) . However, unlike normal tissue vasculature, tumor microvessels formed through angiogenesis are highly disorganized resulting in further hypoxia and subsequent activation of hypoxia-associated cellular transcription factors, which in turn ultimately lead to progression through stages of more aggressive and lethal tumor phenotypes (5) .
Hypoxia-inducible factor 1-α (HIF-1α) induces the expression of genes involved in angiogenesis under hypoxic conditions, is an important regulator of the expression of a number of genes and can affect gene products at both posttranscriptional and post-translational levels (6) (7) (8) . HIF-1α and HIF-1ß occur as a heterodimeric protein complex called HIF-1. While HIF-1ß is constitutively expressed, HIF-1α expression is stimulated by hypoxia (6, 9) . Under normoxic conditions, HIF-1α is rapidly degraded (10, 11) , but hypoxia induces a rapid increase in HIF-1α protein stability and transcriptional activity (12, 13) . The growth of PCa is dependent on blood supply and the induction of new blood vessels through angiogenesis (14) . Tumor-induced angiogenesis is regulated by cell-produced factors such as vascular endothelial growth factor (VEGF) and VEGF levels are elevated in prostate cancer in both animal models and human PCa (1). Tumor hypoxia is considered the most potent stimulus for VEGF and its expression is transcriptionally regulated by hypoxiainducible factor-1 (HIF-1) (1, 15, 16) . Moreover, androgens, which play a prominent role in PCa etiology and progression, have been shown to activate HIF-1α and VEGF expression in human prostate cancer (LNCaP) cells (17) .
The pomegranate fruit peel and juice, derived from pressed whole fruits, contain high levels of polyphenols known as ellagitannins. Pomegranate ellagitannins have been shown to inhibit PCa cell proliferation in vitro and human PCa xenograft growth in vivo (18) (19) (20) . The most abundant ellagitannin in pomegranate juice is called punicalagin. The pomegranate extract used in our investigations contained 37% punicalagin and 3.5% ellagic acid. Ellagitannins are hydrolyzed in the intestine to release ellagic acid, which is absorbed into blood circulation within 1 h after the ingestion of pomegranate juice (21) . In order to determine whether pomegranate ellagitannins inhibit angiogenesis, human umbilical vein endothelial cells (HUVEC) were exposed to the standardized pomegranate ellagitannin extract (POMx) under normoxic and hypoxic conditions. In addition, to determine whether pomegranate administration can inhibit prostate tumor growth via inhibition of angiogenesis in vitro and in vivo, androgen-dependent PCa cells (LNCaP, LAPC4) were treated with POMx in cell culture (LNCaP) or as xenografts (LAPC4) in severe combined immunodeficient (SCID) mice or in vehicle-treated control animals.
Materials and methods
Pomegranate extract (POMx). POMx powder was derived from the skin and arils of pomegranate fruit (Punica granatum L., Wonderful variety, Paramount Farms, Lost Hills, CA) without seeds and standardized to 37% ellagitannins (as punicalagins) and 3.5% free ellagic acid as reported (22) . POMx was administered dissolved in phosphate-buffered saline (PBS) to cell culture in concentrations from 0-10 μg/ml. Mice received 0.8 mg POMx per day dissolved in 50 μl PBS (0.3 mg punicalagin). Based on the punicalagin content and calculated per body weight, this dose is equivalent to the human consumption of ten 8-oz cups of single-strength pomegranate juice commercially available for consumption. However, considering the difference in metabolic rate and caloric intake between mice and humans, the direct comparison of mouse and human dose based on body weight is not recommended. As evaluated by Schneider et al (23) , interspecies extrapolation should be based on caloric intake. Therefore the conversion based on caloric intake from mouse to human revealed that the mouse dose is equivalent to the human consumption of 1.7 cups of pomegranate juice.
Hypoxic conditions. Hypoxic conditions were maintained by incubation of cells in an anaerobic chamber. The oxygen tension was kept at 1% using a compact oxygen controller (ProOx Model 110, BioSpherix, Redfield, NY) with a residual gas mixture composed of 95% N 2 , and 5% CO 2 .
Cell culture. Human LNCaP cells were purchased from American Tissue Type Culture Collection (Rockville, MD). Cells were maintained in RPMI medium 1640 with 10% heat-inactivated FBS (fetal bovine serum), 100 units/ml penicillin, and 100 μg/ml streptomycin. Human umbilical vein endothelial cells (HUVEC) were purchased from Cascade Biologics (Portland, OR). The cells were plated on tissue culture flasks coated with 1.5% gelatin (Difco, Detroit, MI) in phosphate-buffered saline (PBS). They were maintained in endothelial growth media (EGM) completed with basic fibroblast growth factor (bFGF), heparin, fetal calf serum (FCS), penicillin, streptomycin and amphotericin-B. Cells were incubated at 37˚C in a humidified atmosphere of 5% CO 2 .
In vitro assay of proliferation. Cells were plated onto 48-well culture plates at 10,000 cells/well for both LNCaP and HUVEC cells and incubated at 37˚C in 5% CO 2 for 3 h in appropriate media as detailed above. Cells were exposed to POMx dissolved in PBS under aerobic or anaerobic conditions for 6 h. One μCi of [methyl-
3 H]-thymidine (Amersham, Piscataway, NJ) was added to each well under the above conditions. After another 12-15 h, the cells were washed with PBS, fixed with trichloroacetic acid, washed with ethyl alcohol, and lysed with sodium hydroxide, using methods described previously (24) . After addition of glacial acetic acid, cell lysate radioactivity was measured using a scintillation counter (Beckman Coulter, Fullerton, CA). In vitro assays were performed in triplicate.
Quantification of VEGF peptide levels. VEGF secreted into cell medium and serum VEGF concentrations from animals bearing xenografts were determined using previously described methods (25,26). The cell culture media over 48 h of treatment were collected, centrifuged at 250 x g to remove debris, and frozen until further analysis. VEGF concentrations were determined using a quantitative enzyme-linked immunosorbent assay (ELISA, R&D Systems, Minneapolis, MN). The amount of VEGF immunoreactivity was calculated using recombinant human VEGF standards present on each microtiter plate. Optical densities were determined at 450 nm using a microtiter plate spectrophotometer (Molecular Devices, Sunnyvale, CA).
Western analysis. Cell lysates from LNCaP and HUVEC cells were centrifuged at 12,000 x g for 10 min, and the supernatant retained. The protein content of cell lysate was estimated according to the Bradford method using a colorimetric assay (Bio-Rad, CA). Approximately 50 μg of protein (27) was separated by a 7.5% SDS-PAGE, and transferred to a nitrocellulose membrane by electrophoretic blotting. The membrane was blocked for 1 h with 5% non-fat dry milk in Tris-buffered saline (TBS), and then incubated for 1 h with a 1:500 dilution of anti-human HIF-1α of human origin (Santa Cruz Biotechnology, Santa Cruz, CA). The blots were then washed three times over 1 h in TBST (TBS with 0.1% Tween-20), incubated for 1 h with horseradish peroxidaseconjugated secondary antibody goat anti-rabbit IgG (1:2,000), and then washed in TBST as before. The membranes were developed using the Supersignal West Pico chemiluminescent Western blotting detection system (Pierce, Arlington Heights, IL).
Animal studies. All procedures carried out in mice were approved by the UCLA Animal Research Committee. Male SCID mice (Taconic Farm, Germantown, NY) were bred in a pathogen-free colony (27) , where they were housed in groups of four per cage and fed sterilized food pellets and water. Androgen-dependent LAPC4 prostate cancer cells (2x10 5 LAPC4 cells per animal; gift from Charles Sawyers) were implanted subcutaneously into the shoulders of twenty-four 5-week-old SCID mice (Taconic Farm). Two weeks after tumor cell injection, POMx (0.8 mg/50 μl PBS) or vehicle control (50 μl PBS) was administered for four weeks (n=12 per group) orally 5 days per week (Monday-Friday). Oral dosing was accomplished by gently securing the mouse with one hand and delivering the POMx or vehicle control via an animal feeding needle (Biomedical Needles, Popper and Sons Inc., New Hyde Park, NY) attached to a 1-ml tuberculin syringe. Tumor size was measured with calipers three times a week starting at day 7. After 4 weeks, mice were sacrificed to obtain both serum samples and tumor tissues.
Immunohistochemistry. Immunohistochemistry was performed as previously described (27) . Paraffin-embedded tumor specimens cut into 5-μm sections were baked at 65˚C for 30 min. Hematoxylin and eosin (H&E) staining was used to identify areas of necrotic tumor. Paraffin was removed with xylene, followed by elution with graded alcohols. Antigen retrieval was carried out with 0.01 mol/l sodium citrate, pH 6.0 in a 95˚C water bath for 20 min, and 1 mg/ml trypsin (SigmaAldrich, St. Louis, MO) at room temperature for 3 min. Immunostaining was performed with a peroxidase rabbit readyto-use system (Dako Envision). The slides were incubated at room temperature in Dako antigen block reagent to block non-specific antibody binding, and then with the rabbit antivon Willebrand factor (vWf, Dako, Carpinteria, CA) primary antibody at 1:250 dilution for 1 h or monoclonal anti-HIF-1α at 1:250 dilution (Sigma-Aldrich) at 37˚C for 2 h. Then sections were incubated with Dako second antibody to rabbit for 30 min, and developed with Dako DAB (diaminobenzidine) solution. Tissues were stained with Gill's hematoxylin, dehydrated with graded alcohols, and mounted. Positively stained vessels were counted in five separate fields for each specimen using an Olympus model BH2 microscope. Following the method established by Weidner et al (28) , fields containing the highest density of vWf-positive vessels, i.e. 'bursts', were identified at scanning power and then counted at x200 or x400 magnification. The numbers for the five fields were averaged. For HIF-1α, % of cell staining and staining intensity (from 0 to 3 + ) were determined.
Statistical methods. For the cell proliferation assays, data were expressed as a percentage of untreated cells (i.e. treatment value-blank/vehicle value-blank), with mean ± SE for at least three separate experiments. Data were analyzed by either student's t-test or one-way ANOVA followed by Dunnett's multiple range test (α=0.05) with Graph Pad Prism 3.0 (Graph Pad Software Inc., San Diego, CA) as appropriate.
Results
In vitro studies. POMx inhibited the proliferation of endothelial cells (HUVEC), a measure of angiogenic potential in vitro, under both normoxic and hypoxic conditions (Fig. 1) . The IC 50 for the inhibition of proliferation under normoxic and hypoxic conditions was 6.7±0.5 μg/ml under normoxic conditions and 2.2±0.2 μg/ml under hypoxic conditions. In addition, POMx inhibited the proliferation of androgendependent human cancer cells (LNCAP) under hypoxic conditions (Fig. 1) . The IC 50 for inhibition of proliferation for LNCaP cells was 2.0±0.2 μg/ml under hypoxic conditions and 5.7±0.5 μg/ml under normoxic conditions. Therefore, both prostate cancer cells and HUVEC were more sensitive to inhibition by POMx under hypoxic conditions ( Fig. 1A  and B) . Furthermore, this growth inhibition under hypoxic conditions was associated with a reduction in HIF-1α protein concentrations (Fig. 2) . Hypoxic exposure of both LNCaP and HUVEC to 2.5 μg/ml of POMx for 48 h reduced HIF-1α protein levels. As expected, there was no effect of POMx exposure on HIF-1α under normoxic conditions (data not shown). Moreover, under hypoxic conditions, the incubation of LNCaP cells and HUVEC with 0-5 μg/ml POMx for 48 h decreased the VEGF secreted in the condition media in a dose-dependent manner (Fig. 3A and B) . Under normoxic conditions no effect of POMx administration on VEGF secretion was observed (data not shown).
In vivo mouse studies. Tumor volume in SCID mice bearing LAPC4 xenografts implanted 2 weeks prior to POMx treatment was greatly decreased after POMx treatment compared to (Fig. 5A ). In addition, positively stained HIF-1α in tumor xenograft tissue was significantly decreased in the POMx-treated group (23.3±1.8 cells/hpf, p<0.05) by comparison to vehicle-treated animals (35.8±3.0 cells/hpf) (Fig. 5B) .
Discussion
This is the first demonstration that pomegranate ellagitannins inhibit angiogenesis in PCa. Our group has previously published the preliminary observation in 48 men with recurrent PCa that daily pomegranate juice consumption can extend prostate specific antigen (PSA) doubling time from 15 to 54 months (29) . This important clinical index of PCa progression was reduced in 83% of pomegranate juice consuming patients. These findings are currently being confirmed in a larger multicenter, randomized, placebo-controlled clinical trial. In the present study, using human prostate cell xenografts (LAPC4), in SCID mice, we have demonstrated the inhibition of both tumor growth and angiogenesis. While this observation might be interpreted as secondary only to inhibition of tumor growth with secondary inhibition of angiogenesis, our in vitro observations that pomegranate ellagitannins inhibited HIF-1α expression and VEGF secretion clearly suggest that pomegranate ellagitannins have a direct effect on angiogenesis. The failure to see inhibition under normoxic conditions demonstrates that the effects are specific to hypoxic conditions relevant to in vivo tumor angiogenesis. The pomegranate ellagitannin enriched extract (POMx) tested in vitro and in vivo in the current study has been carefully characterized by our group (22) . Pomegranate (Punica granatum L.) fruits are widely consumed fresh and as squeezed juice. During commercial juice processing, ellagitannins abundant in the fruit peel, are extracted in large quantities into the juice. These polyphenols account for 92% of the total antioxidant activity in the juice (30) . However the most predominant ellagitannin found in pomegranate juice is punicalagin (2,3-hexahydroxydiphenoyl-4,6-gallagylglucose), a large polyphenol with a molecular weight of over 1000 Da. It is not absorbed intact in humans or mice, but is hydrolyzed to ellagic acid by the intestinal flora. Ellagic acid in turn is absorbed and conjugated in the liver and finally excreted in the urine (21) .
The dose used in the present study is equivalent to 1.7 cups (8 oz) of pomegranate juice per person per day when calculated using caloric demand scaling as an interspecies extrapolation method (23) . The validity of this method of interspecies extrapolation was confirmed by the observation that plasma ellagic acid concentrations were very similar in humans and mice after administration of either 0.8 mg of POMx to mice (plasma, 0.045 μmol/l) (31) compared to 180 ml of liquid pomegranate extract equivalent to 1.5 cups (8 oz) of pomegranate juice in humans (plasma, 0.06 μmol/l) (21) . The similarity of the plasma concentrations of ellagic acid between human and mouse supports the fact that the conversion of dose based on caloric intake should be utilized.
In vitro studies are often criticized because they frequently study polyphenols in levels that are not physiologically achievable and fail to consider relevant metabolism of bioactive substances. For these reasons, we extended our mechanistic in vitro studies to an in vivo xenograft model. While we were able to demonstrate that the anti-angiogenic effect of POMx may be due to suppression of HIF-1α protein levels, we cannot entirely exclude the possibility that pomegranate ellagitannins affect multiple targets simultaneously. For example, other upstream signaling pathways, such as PI3K-Akt and mammalian target of rapamycin (mTOR), could be involved as the primary target (32) . In addition, angiogenesis has been demonstrated to be regulated in cancer cells by multiple cytokines, growth factors and MMPs (33) . Further studies are needed to determine the primary target of pomegranate ellagitannins and its metabolites.
Angiogenesis is part of the inflammatory response and inflammation is universally found in prostate tissues obtained at prostatectomy (34) . There is also evidence that nuclear localization of nuclear factor κB (NF-κB) in prostate tissues is a predictor of PCa recurrence (35) . Pomegranate polyphenols were shown to inhibit NF-κB in skin cancer cells (36) , and our group has subsequently demonstrated this in prostate cancer cells and xenografts (unpublished data). It is possible that the anti-inflammatory effects of pomegranate ellagitannins will have additional effects on tumor angiogenesis. This possibility is currently under study in our laboratory.
Adenocarcinoma of the prostate is currently the most common malignancy in men in the United States comprising 29% of all cancers. There has been a trend toward improved survival in PCa over the past several years. PCa 5-year survival rates have increased from 67% for the period of 1974-1976 to 92% for the period of 1989-1995 (37) . However, PCa remains the second most common cause of cancer death in men in the United States, accounting for 11% of all cancer deaths. Natural dietary agents have received increasing investigative attention as non-toxic approaches to the chemoprevention and active management of PCa. There are limited treatment options for patients who have undergone primary therapy with curative intent and who have progressive elevation of their PSA without documented evidence of metastatic disease. Given our recent observations of effects of pomegranate juice in PCa patients (29) , the current study contributes to the increasing body of evidence demonstrating the chemopreventive potential of pomegranate ellagitannins. These findings strongly suggest the potential of pomegranate ellagitannins for prevention of the multifocal development of PCa as well as to prolong survival in the growing population of PCa survivors of primary therapy. Therefore clinical trials with well-characterized and standardized pomegranate ellagitannin extracts, as primary or adjuvant therapy, in men with PCa are warranted.
